Objective: To assess the intake of glucosinolates and cruciferous vegetables among Spanish adults. Design: Cross-sectional analysis of a prospective cohort study. Setting: The Spanish cohort of the European Prospective Investigation into Cancer and Nutrition (EPIC). Subjects: We analysed data from 40 684 men and women aged 35-64 years from the EPIC-Spain cohort. The usual diet was assessed by means of the dietary history method, and glucosinolate intake was calculated using a published food composition database. Results: The average intake of cruciferous vegetables was 11.3 g/day, accounting for about 5% of total vegetable consumption, whereas the daily intake of total glucosinolates was 6.5 mg, among which 35% were of indole type. The absolute intake of glucosinolates was in average higher in men than in women (6.8 vs 6.2 mg/day), whereas glucosinolate density per energy unit was higher in women's diet (3.4 vs 2.7 mg/4200 kJ). Northern regions consumed in average 36% more glucosinolates than Southern regions (7.3 vs 5.4 mg/day). There was a positive association of glucosinolate intake with body mass index, physical activity, educational level and an inverse relationship with alcohol consumption. Conclusions: Contrary to the pattern seen for total vegetable intake, our estimate of consumption of cruciferous vegetables, and hence of glucosinolates, is relatively low within Europe, which in turn is lower than in North America and several Asian populations.
Introduction
A recent comprehensive review (IARC, 2004) has determined that there is limited evidence that cruciferous vegetables reduce the risk of gastric and lung cancer, whereas it is not clear whether they reduce risk of tumours at other sites; furthermore, there seems to be an inverse association between consumption of cruciferous vegetables and coronary heart disease (Joshipura et al., 2001 ) and ischaemic stroke (Joshipura et al., 1999) . Thus, intake of cruciferous vegetables is promoted, although as a part of a diet rich in a variety of fruits and vegetables, for cancer reduction and health promotion. Cruciferous vegetables belong to the botanical family Brassicaceae, formerly known as Cruciferae owing to the cruciform arrangement of their petals (Judd et al., 2002) . Despite the great diversity within the Brassicaceae, only members of a few genera are used in the human diet (Fahey et al. 2001) . The most commonly consumed cruciferous belong to the genus Brassica and many are within the several varieties of Brassica oleracea, including cauliflower, cabbage and broccoli.
The protective effect of cruciferous vegetables is attributed to isothiocyanates (ITC) and indoles. Both groups of compounds have been shown to reduce the occurrence of cancer in experimental animals (IARC, 2004) , and may have anticarcinogenic effects by several mechanisms (Verhoeven et al., 1997) . ITC and indoles are both derived from degradation of glucosinolates by the action of myrosinase, the plant thioglucosidase released after tissue disruption owing to processing, cooking or eating vegetables (Mithen, 2001 ); myrosinase-like activity has also been demonstrated in the gut microflora, although glucosinolate hydrolysis is much less efficient than the breakdown by the plant myrosinase (Getahun and Chung, 1999; Conaway et al., 2000; Rouzaud et al., 2004) . Glucosinolates may be found in several plant families, but Brassicaceae is by far the largest one, and thus the presence of glucosinolates is considered as a distinctive feature of cruciferous vegetables. Despite the great diversity of glucosinolates only a limited number are commonly consumed within the human diet (Fahey et al., 2001) .
Dietary intake of ITC and indoles is often assessed using the consumption of cruciferous vegetables as a proxy. However, crucifers contain other bioactive compounds with anticarcinogenic potential, such as vitamins and minerals. As glucosinolates are the precursors of ITC and indoles, quantification of glucosinolates provides an improvement in the measurement of exposure to ITC and indoles and thus a better estimate of its association with cancer risk in epidemiological studies.
We have already reported on fruit and vegetable intake in Spain (Agudo et al., 1999) , showing a high consumption of vegetables as a whole, although intake of cabbage and other foods of the genus Brassica was relatively low. The aim of this study is to assess the amount and types of cruciferous vegetables as well as the intake of glucosinolates in the adult Spanish population, and its relationship with some demographic and lifestyle factors.
Methods

Study population
The population is the Spanish cohort of the European Prospective Investigation into Cancer and Nutrition (EPIC), a large prospective study in Europe devised to investigate the relationship between diet and cancer (Bingham and Riboli, 2004) . The EPIC-Spain cohort included 41440 healthy volunteers aged 29-69 years recruited between 1992 and 1996 in five regions in Spain covered by population-based cancer registries: three were from the north (Asturias, Guipú zcoa and Navarra) and two from the south (Granada and Murcia). Overall the participation rate varied among centres from 55 to 60%. At baseline, a blood sample, anthropometric measurements, a questionnaire on lifestyle factors and information on usual diet were obtained from each subject. The current analysis is restricted to 25 236 women and 15 448 men aged from 35 to 64 years for comparability reasons, as many surveys report data referred to this age group; anyway, only 756 subjects (o2%) were actually aged below 35 or above 64 in the original cohort.
Dietary information
Information on usual intake over the previous year was collected by means of a computerized questionnaire based on the diet history method validated previously (EPIC Group of Spain, 1997) . It was structured by meals and recorded the frequency of consumption of foods eaten at least twice a month, taking into account the seasonal variation; although the questionnaire was open, it contained a list of the most common foods and recipes. In addition to frequency, the method of preparation and amount consumed for each food item were reported; the portion size was assessed by means of photo series, natural units and household measures. The final amount consumed for each food was reported as daily intake in grams. In addition, a single 24-h dietary recall was collected for a subset of 3220 subjects randomly sampled in each centre to be used as a calibration study. The interviews were balanced by days of the week and by seasons along 1 year. Detailed information on all foods and beverages consumed during the 24-h period before the interview were collected, entered and coded by means of a computerassisted 24-h dietary recall . Although both diet history and 24-h dietary recalls share drawbacks of methods based on subject's memory, the latter seems to be less prone to systematic errors; the principal limitation of 24-h recall is that it does not provide a reliable estimate of individual's intake because of day-to-day variation, but this may not significantly influence the mean (Nelson, 1991) . Twenty-four hour recalls are thus appropriate for measuring current diet in groups of subjects; in calibration studies, when the sub-population is representative of the whole cohort and weekly and seasonal variability is well balanced 24-h recall are used as a reference method and must provide a correct estimate of mean population intakes .
The total intake of cruciferous (g/day) was obtained by adding the consumption of all food items reported, either as single foods or ingredients of a recipe, classified as vegetables belonging to the family Brassicaceae. We estimated the total glucosinolate content for every food item classified as cruciferous vegetable mentioned either in the diet history questionnaire or in the 24-h dietary recall using a food composition database (McNaughton and Marks, 2003) , which compilated published data from 18 studies. In addition to the glucosinolate content for each food item, it was considered whether it applied to a fresh or frozen vegetable, or whether it was consumed as raw or cooked. The amount of indole-type glucosinolates for each cruciferous vegetable was estimated as a proportion of total glucosinolates (Kushad et al., 1999; Ciska et al., 2000) ; the remaining proportion was considered as aliphatic glucosinolates, although this term actually includes several side chain structures (Fahey et al., 2001) . The values applied in our study for the estimation of glucosinolate intake are summarized in the Table 1. The total amount of glucosinolates, overall and by type (indole or aliphatic) was obtained by adding the glucosinolate content of all cruciferous vegetables reported by the subject, expressed as mg/day.
In addition to cruciferous vegetables and glucosinolates, other dietary variables used in this analysis were daily energy intake (EI), alcohol consumption and total vegetable intake.
Data analysis
The consumption of cruciferous vegetables and glucosinolate was described by their corresponding mean, standard deviation and median. In addition, glucosinolate consumption was adjusted by EI using the nutrient density approach, expressed as mg/4200 kJ (mg/1000 kcal). All the means reported were standardized by the age-sex structure of the Spanish population aged 35-64 years (INE, 2005) ; further adjustments, when relevant, are specified in the corresponding tables. The estimations with 95% confidence intervals (CI), as well as comparisons of means, were carried out by analysis of variance, whereas association between continuous variables was analysed by linear regression (Armitage and Berry, 1994) . Comparison of cruciferous and glucosinolate intakes estimated from the diet history and the 24-h dietary recall in the 3172 subjects from the calibration study aged 35-64 years was carried out using the paired t-test (Armitage and Berry, 1994) . As most dietary variables were right-skewed, all the analyses were repeated with logtransformation of the variables, but the conclusions remained unchanged.
Results
In our population, four out of five subjects consumed cruciferous vegetables regularly (at least twice a month); overall the average intake was 11.3 g/day (adjusted by the age-sex structure of the Spanish population 35-64 years), which represents slightly o5% of total vegetable consumption (Table 2 ). Women consumed less cruciferous vegetables than men, and consumption was markedly higher in Northern than in Southern regions, whereas there were no material differences in consumption by age. Regarding total glucosinolates (Table 3) , the average intake was 6.5 mg/day or 3.1 mg/day per 4200 kJ (1000 kcal); slightly more than one-third were indole-type glucosinolates (mean 2.3 mg/day), whereas the remaining were aliphatic. Men consumed more glucosinolates than women in average, but the difference reversed when it was considered as nutrient density: glucosinolate intake per 4200 kJ (1000 kcal) was higher in women than in men (3.4 vs 2.7 mg/day). As for cruciferous, Northern regions consumed in average 36% more total glucosinolates than Southern regions (7.3 vs 5.4 mg/day), and this patterns holds as well for density intake and for both types of glucosinolates (indole-and aliphatic-type).
Among the 3172 subjects aged 35-64 years included in the calibration study, the mean intakes estimated from their 24-h recalls were 12.3 g/day of cruciferous vegetables and 6.6 mg/day glucosinolates; the corresponding figures for the diet history were 11.9 and 6.8. Thus, taking the mean Median of values from different studies (raw) as provided in the reference (McNaughton and Marks, 2003) except for cabbage and radish; in these two cases, the values correspond, respectively, to the average of the medians reported for white and unspecified cabbage, and the average of medians reported for red, white and European radish. For frozen, the three values reported correspond to estimates from one study for each food. b Proportion of indole glucosinolates; the remaining percent corresponds to the overall class aliphatic, including mainly aromatic and oleofins.
of 24-h recalls as the reference method, the diet history tends to underestimate the consumption of cruciferous vegetables by about 3% in average, whereas it overestimates the intake of glucosinolates by approximately the same amount. In any case, the differences between the average intakes estimated by the two methods were not statistically significant according to the paired t-test (P ¼ 0.72 for cruciferous vegetables and 0.71 for glucosinolates, respectively). Cauliflower in first place and cabbage afterwards are the most consumed cruciferous vegetables in our population (Table 4) . Both together accounts for 84% of total consumption of cruciferous vegetables and 71% of total intake of glucosinolates; cauliflower alone accounts for half the total intake of indole-type glucosinolates. Brussels sprouts account only for o4% of consumption of crucifers, whereas they provide the 13% of glucosinolate intake, reflecting the high content of glucosinolates in such foods. Table 5 shows the relationship of average glucosinolate intake with some anthropometric and lifestyle factors; in addition to age, sex and centre, these estimates are further adjusted by total EI, and mutually adjusted by all the variables in the table. Average daily intake of glucosinolates is positively associated with body mass index. In the same way, a positive association was observed with physical activity (both as leisure activity or practicing sports) and educational level; the latter is mainly due to the fact that subjects with the highest level (university degree) consumed more than other educational groups. Former smokers consumed more glucosinolates than never and current smokers, and there is a clear inverse trend between glucosinolate intake and alcohol consumption; despite small absolute differences by categories of alcohol consumption the trend was clearly significant. 
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Discussion
We have observed a daily intake of approximately 11 g of cruciferous vegetables and 6.5 mg of glucosinolates in an adult Spanish population aged 35-64 years. Compared with other European countries within the EPIC study (Agudo et al., 2002) , Spain has the lowest consumption, quite close to Greece (13 g/day), and slightly lower than in Sweden, Denmark and Italy, all of them with daily intakes below 20 g. France and the Netherlands consumed between 20 and 30 g per day, whereas Germany, Norway and the UK had daily consumption above 30 g, almost three times the estimated consumption in Spain. This pattern is quite different from the one of overall vegetable intake, which showed a clear South-North gradient; this discrepancy is well appreciated when consumption of cruciferous is expressed as a proportion of total vegetable intake: in countries with high consumption of cruciferous vegetables, they account for more than 20%, whereas in countries with low consumption, they account only for 5-10% of total vegetable intake. Similar results were reported in a recent review of cruciferous intake (IARC, 2004) , showing a variable consumption in Europe, ranging from 5 to 30 g/day. In this review, the greatest consumption was reported in China, above 100 g/ day, whereas other Asian populations and Australia had relatively high daily intakes as well, ranging from 40 to 80 g. The average intake in North America was around 25-30 g per day, whereas relatively low daily intakes, of 15 g or less, are reported for South Africa and some countries from South America. As already seen, in countries with high intake of crucifers, they constitute a relatively high proportion of total vegetable intake. It must be considered that these estimates come mainly from analytical studies, most of them casecontrol studies, although some intervention studies were included as well; there was a remarkable diversity in methods for dietary assessment used, and often there was not an explicit definition of cruciferous vegetables applied in each study.
On the contrary, very few estimates of glucosinolate intake at the population level have been reported, probably because of lacking of food composition tables; in most cases, they are rough estimates based upon overall amount of cruciferous consumption and limited data on glucosinolate content in some foods. The average daily consumption of total glucosinolates in the UK was estimated to be about 50 mg (Wattenberg et al., 1986) , whereas in the Netherlands, the estimated average intake of glucosinolates was 22 mg/day (Jongen, 1996; Kistenmaker et al., 1998) . As compared with our average estimate of 6.5 mg, they are higher than what could be expected from the cruciferous vegetable consumption in these countries, two to three times higher than the intake reported in Spain. Other estimates available relate to indole glucosinolates (IARC, 2004) : the daily intake (mg) of glucobrasicin and neoglucobrasicin (the two main dietary indole glucosinolates), was 22.5 in the UK, 5.5 in Denmark and 2.8 in Finland. In the USA (Broadbent and Broadbent, 1998) , the intake of indole glucosinolates was about 22.5 mg/ day per capita. Again, all these estimates are above our estimated daily intake of 2.3 mg for indole glucosinolates. An important consideration when comparing intakes of glucosinolates across countries is the type of cruciferous vegetables most commonly consumed, which may vary according to cultural and taste preferences. This can have important impacts on the actual intake of glucosinolates; for instance, in our study, although Brussels sprouts accounted by o4% of cruciferous vegetables consumption they contributed with 13% to total glucosinolate intake; this discrepancy is explained because Brussels sprouts are by far the richest source of glucosinolate among cruciferous vegetables consumed in our population.
Apart from between countries variation, the glucosinolate consumption is also likely to vary according to socio- Consumption of cruciferous vegetables and glucosinolates A Agudo et al economic and lifestyle factors within populations. We found that glucosinolate intake is higher among more educated people, those with higher physical activity, and former smokers, and it tends to decrease with increasing alcohol consumption. This is not surprising, as a similar pattern has already been shown for consumption of vegetables (Agudo et al., 2002) . However, although our study found statistically significant differences in the consumption of glucosinolates given its huge sample size, the absolute differences are actually quite small. For instance, the largest difference in average daily intake of glucosinolate by individual lifestyle factors is 1.5 mg, which corresponds to approximately 20 g of cauliflower or cabbage per week, or about one serving per month. Thus, in spite of the being statistically significant, these differences are not likely to be of great physiological relevance.
There are several factors that may influence the exposure to ITC and indoles: the genetics of glucosinolate biosynthesis within the plant (Kushad et al., 1999; Mithen, 2001) , environmental factors, such as soil and climate conditions (Ciska et al., 2000; Pereira et al., 2002; Vallejo et al., 2003) , and storage, processing and cooking. Overall up to 50% of total glucosinolate content may be lost after cold storage (McNaughton and Marks, 2003) , whereas chopping may lead to remarkable increase in the level of indole glucosinolates (Verkerk et al., 1997) . An important determinant of ITC exposure is the combined influence of cooking and microflora in the intestinal tract: mild-cooking (o75-801C) results in enhanced ITC production by releasing myrosinase, but further cooking prevent further ITC formation, as myrosinase is quickly denaturated when temperature reaches 901C (Dekker et al., 2002) . However, ITC may still be formed after eating different types of cruciferous vegetables cooked by different methods (boiled, steamed, microwaved) , showing that glucosinolates may be converted to their breakdown products by the myrosinase-like activity of colonic microflora (Getahun and Chung, 1999; Conaway et al., 2000; Rouzaud et al., 2004) . However, the hydrolysis of glucosinolates by the microflora appears to be much less efficient than that catalysed by the plant myrosinase. On the other hand, several cruciferous vegetables, including broccoli and cabbage, have been shown to form nitriles (without known anticarcinogenic properties) as breakdown products of glucosinolates (Bones and Rossiter, 2006; Matusheski et al., 2006; Rungapamestry et al., 2006) . These crucifers contain a protein called epithiospecifier protein (ESP) or ESP-like protein, which appears to be responsible for the formation of epithionitriles. ESP does not catalyse glucosinolates by itself but acts as a cofactor of myrosinase, directing unstable products of glucosinolate hydrolysis toward epithionitriles rather than ITC. ESP is more heat labile than myrosinase, and therefore mild and short heat treatment may lead to high production of ITC, as it inactivates ESP leaving some active myrosinase (Bones and Rossiter, 2006) . Several limitations must be considered when interpreting our estimates of cruciferous vegetables and glucosinolate intake. First, the EPIC-Spain cohort was not based on a representative sample of Spanish population. However, the number of participants was large, the participation rate was relatively high, and subjects came from different social backgrounds and differential geographical areas. The validity of glucosinolate intake is based upon the quality of two components: the assessment of consumption of cruciferous vegetables and the food composition database. Regarding the latter (McNaughton and Marks, 2003) , the authors applied quality criteria to include papers reporting glucosinolate content in foods, taking into account the detail of information provided and the use of appropriate methods of analysis. In addition to overall amount of glucosinolates, further data were considered to account for the influence of factors such as preservation and storage (frozen vs fresh) and cooking. Concerning the dietary assessment, we used a diet history method validated previously (EPIC Group of Spain, 1997) . Furthermore, we also estimated the consumption of cruciferous vegetables and glucosinolate intake using the 24-h dietary recalls from the calibration study, showing a difference of 3% in average as compared with the estimates from the diet history. The average intake from the calibration study is supposed to be an accurate estimate of the mean consumption at the population level (Nelson, 1991) . However, in our calibration study under-or overreporting of EI was assessed by means of the ratio between EI and basal metabolic rate; as compared with the reference ratio of 1.55, Spanish men tended to be overreporters (ratio 1.63), whereas women tended to be underreporters, with a ratio of 1.49 ). An alternative method to assess ITC exposure is the use of biomarkers. Analytical methods based upon the cyclocondensation reaction of dithiocarbamates (DTC) with benzenedithiol (Zhang et al., 1996) enable the quantification of ITCequivalents. As all ITC are mainly metabolized through conjugation with glutathione to form DTC, the total urinary ITC measured by this method have been shown to be a reliable marker of dietary intake of ITC, and correlate positively with the consumption of cruciferous vegetables (Fowke et al., 2002) . The cyclocondensation assay has been also developed to quantify DTC in human plasma, serum and erythrocytes (Ye et al., 2002) .
In conclusion, our estimates of consumption of cruciferous vegetables, and hence of glucosinolates, among Spanish adults are relatively low within Europe, and lower than in North America and several Asian populations. The usefulness of assessing glucosinolate intake relies on the assumption that the total glucosinolate content of cruciferous vegetables is related to the exposure to hydrolysis products with anticarcinogenic potential ITC and indoles. However, to get a better estimate of the amount of ITC and indoles available at the intestinal tract, it is important to know whether the crucifers were eaten raw or cooked, as well as details about the cooking method, including the time and the temperature. Such information should be included in questionnaires aimed to assess the intake of ITC and indoles. Another approach to overcome such limitations is the use of biomarkers. Biological assays are available to measure ITC in plasma and serum, and it would be desirable in the future to assess the relationship between the estimated glucosinolate intake and the ITC blood levels in our population.
